Introduction
We have seen that separating charges creates an electric field that in turn exerts a force on other charges. In the same way, MOVING charges (i.e., a current) creates a magnetic field that exerts forces on other currents. So it seems straightforward that magnetic fields should exert forces on matter. Matter is made up of electrons in orbit around nucleons. This orbital motion constitutes a current which will feel forces from a magnetic field. Further, nucleons are composed of smaller charges particles called quarks which are in motion inside the nucleus. These motions create currents which feel forces from magnetic fields (the magnetic forces on nucleons are the physical phenomena that make nuclear magnetic resonance and magnetic resonance imaging systems work). Since charge is conserved (and it is so incredibly hard to store up a reasonable amount of charge) it necessarily follows that sustained currents will form loops (why?). So it is reasonable to consider the effect of a magnetic field upon a current loop as a prelude to considering the effect of magnetic fields on matter.
Your textbook shows that the net force on a current loop in a uniform magnetic field is zero. This makes sense: since the current must first go one way and then the other (to form a loop) the magnetic force on one part of the loop will be in a direction opposite to that exerted on the other part of the loop. If the magnitude of the field is the same for all parts of the loop, then the magnitude of the forces on different parts will be the same. The same magnitude in opposite directions results in zero net force. These forces do exert torques as indicated in your textbook. But note that the argument above fails if the field changes significantly over the extent of the current loop. That is, if the field is larger in one part of the loop, that part of the loop will feel a stronger force than other parts, and so the net force will no longer be zero. Refer to Problem # 94 in your textbook and you see that the force on a current loop is given by:
which can be written as:
(2) where µ µ µ µ is the magnetic moment of the current loop. In fact, ANY current which produces a magnetic moment in a nonuniform magnetic field will feel a force given by Equation 2. In this lab, we will create a nonuniform magnetic field and measure the force it exerts on a steel ball bearing. In the following section, analysis of this force will allow us to extract information about the material of which the bearing is made.
Magnetic forces on matter
While it is impossible calculate the magnetic moment of the electrons and nucleons comprising the ball bearing, it is possible to make some progress by adopting a phenomenological approach. By this it is meant that we make certain assumptions about the behavior of the matter and determine if our observations are consistent with those assumptions. The first assumption is that I can associate with each small volume of the matter, dV, a magnetic moment, dµ µ µ µ. This magnetic moment per unit volume is called the magnetization of the material:
With considerable difficulty, one can show that a magnetized material (i.e., one that has a nonzero magnetization) in an external field feels a force given by:
where B is the external field and the integrals are over the volume and surface of the magnetized material (see Classical Electrodynamics, 2nd Ed., J. D. Jackson, p. 207). One final approximation is that the material is linear; that is, we assume that the magnetization is proportional to the applied field:
where µ 0 is the permeability of free space and χ m is the susceptibility of the material (it is a measure of how easily the external field aligns and/or creates magnetic moments in the material -you should be able to show that χ m is a unitless number). With this, the force in Equation 4 can be written:
One of the Maxwell's laws of electromagnetism is that ∇ · B = 0 always, so the force simplifies to:
This is as far as we can go without a specific description of the experimental geometry. Further, in order to make the problem tractable, we will make several idealizations of the actual geometry to simplify the calculation. The experiment will consist of placing a steel bearing near the opening of a solenoid. As seen in your textbook, the field near the end of a solenoid varies strongly with distance. (Some thought about equation 7 makes it clear that for there to be a net force on the ball bearing, it is necessary that the field vary over the bearing). With great difficulty, one can construct a spherical coordinate system centered on the ball bearing and write eq. 7 as:
where ρ is the radius of the bearing, z is the distance measured along the axis of the solenoid (where B is taken to point in the z direction). Note that reversing the direction of the magnetic field (B -> -B) makes no difference in the direction of the force -it is toward the center of the solenoid. The integral over Θ is easy enough -it gives 2π. But the integral over Φ is quite difficult, since the variation of the field with z is quite intractable (Eq. 29-8 of your textbook). However, we can simplify things by expanding the field near the end of the solenoid in a Taylor series expansion:
Putting this in Eq 8 (and using B(0) = 1/2 µ 0 n I), we have: 
Aside: We can look at this from another point of view. Consider a small bit of the bearing, dV, and suppose it has a magnetic moment of dµ µ µ µ. In a nonuniform magnetic field, it will feel a force ( )
and the bearing will then feel a force per unit volume of ( )
If we again assume that the field point along z and only varies with z, and that the material is linear, the force per unit volume is
